ABSTRACT -The objective of the current study was to evaluate the effects of three calcium:available phosphorus (Ca:aP) ratios and different supplementation with phytases from different origins on performance and ash, Ca, and P contents in the tibia of broilers. A total of 900 male broilers (22 to 35 days old) were fed ten dietary treatments in a completely randomized design. A 3 × 3 + 1 factorial scheme was used, corresponding to three Ca:aP ratios (4.5:1.0, 6.0:1.0, and 7.5:1.0) and three different supplementations with phytases from different origins (isolated or combined supplementation with bacterial and fungal phytase), plus a control diet. Regardless of the dietary Ca:aP ratio, the isolated use of bacterial phytase provided better feed conversion than the fungal phytase but did not differ from combined supplementation with bacterial and fungal phytase. However, regardless of the supplemented phytase, the 7.5:1.0 Ca:aP ratio decreased the feed conversion. Best results for bone P deposition were observed using diets containing the 4.5:1.0 Ca:aP and fungal phytase or the 4.5:1 and 6.0:1 Ca:aP ratios using the bacterial phytase. In general, when the parameters of feed conversion, bone ash, and P content in tibia are considered together, diets containing a 4.5:1.0 or 6.0:1.0 Ca:aP ratio and 1,500 FTU kg −1 bacterial phytase, or a 4.5:1.0 Ca:aP ratio using fungal phytase and only 1.0 g kg −1 available phosphorus provide better results.
Introduction
Approximately two-thirds of the phosphorus in vegetal foods is excreted without digestion (Lalpanmawia et al., 2014) and phytic acid has the ability to bind with divalent cations, including calcium (Selle et al., 2009 ). Nutritionally, phytate-mineral complexes are very important because the bound nutrients cannot be absorbed in the intestine (Lei and Porres, 2003) . Moreover, the insoluble Ca-phytate complexes are resistant to enzymatic hydrolysis by phytases (Taylor, 1965) .
Phytases (myo-inositol hexaphosphate phosphohydrolases) hydrolyse phosphoester bonds of phytates, making the hydrolysed P potentially available to the birds (Han et al., 2009) . Depending on the microorganism used as gene donor for the industrial production of phytases, these enzymes can be classified as bacterial or fungal (Selle and Ravindran, 2007) . Therefore, microbial phytases can have different physicochemical and catalytic properties (Mullaney and Ullah, 2003) , which can influence the performance and bone mineralization of broilers in different ways.
Dietary Ca plays the most important role in minimizing phytase effectiveness (Angel et al., 2002) . High levels of Ca and Ca:available phosporus (Ca:aP) ratios in the diet decrease the exogenous phytase efficacy (Lei et al., 1994) , and a deficiency of Ca and P could compromise bone structure and broiler performance (Selle et al., 2009 ). According to Bedford and Rousseau (2017) , when diets meet, but do not exceed the P requirements of the bird, a marginal Ca excess can interfere with P digestibility, and this problem is exacerbated when phytases are used to provide some of the required P, because Ca decreases the efficiency of phytate hydrolysis in a dose-dependent manner. However, few studies have evaluated the action of phytase and the Ca:aP ratio on bone mineralization and broiler performance in the growing phase. Furthermore, according to Rostagno et al. (2017) , during the growing phase (22 to 35 days), broilers have the highest feed intake in relation to the other phases, and this has a great impact on bone mineralization and animal development.
Initially, phytase was included in broiler diets at 500 FTU kg −1 concentration. However, currently, higher inclusion rates are being considered (Cowieson et al., 2011) . The benefits of supplementing a high phytase dose has been shown in broilers through inositol provision and phytate destruction (Walk at al., 2014; Li et al., 2017) . There are still few studies with fungal phytase individually or in combination with bacterial phytase for broilers in the growing phase. This assay was carried out to evaluate the effects of Ca:aP ratios and phytases from different origins and isolated or combined supplementation on performance and ash, Ca, and P contents in tibia of broilers.
Material and Methods
The experimental procedure was approved by the institutional committee on animal use (case no. 004/11). The trials were conducted in Lavras, MG, Brazil (21º13'48" S, 44º58'23" W, and 918 m altitude). Nine hundred male Cobb-500 ® broilers of 22 to 35 days old were used. One-day-old chicks were purchased from a commercial hatchery and reared, in a single lot, in a conventional broiler shed for 21 days. During this period, broilers had access to feed and water ad libitum. The diet was based on corn-soybean meal formulated to meet the nutritional requirements of birds at 1-7 days and 8-21 days of age, according to Rostagno et al. (2011) .
At 22 days of age, birds were weighed individually, separated by weight ranges (936.4±9.9 g), divided into groups of 15 birds, and placed randomly in 60 floor pens (2.0 × 1.5 m) with wood shavings. The experimental diets and water were provided ad libitum during the experimental phase. Fluorescent bulbs and natural day light provided 24 h of light per day during the experimental assay. The average maximum and minimum temperatures in the shed during the experiment were 34 and 19.9 °C, respectively. The average maximum and minimum relative humidity were 97 and 42%, respectively.
The 900 birds were distributed into 10 treatments with six replications each, for a total of 60 experimental units of 15 birds each. A 3 × 3 + 1 factorial scheme was used, corresponding to three Ca:aP ratios (4.5:1.0, 6.0:1.0, and 7.5:1.0) and three supplementations of phytases from different origins (isolated or combined supplementation with bacterial and fungal phytase), plus a positive control diet formulated with 7.5:3.4 Ca:aP ratio and without phytase supplementation. In the diets containing only one phytase, the enzyme was included at 1,500 FTU kg −1 concentration.
In the diets containing the two evaluated phytases, each enzyme was supplemented at 750 FTU kg −1 concentration. The phytase inclusion level used in the present study, as well as the broiler age, were defined according to previous assays (Naves et al., 2015) The bacterial phytase (RONOZYME HiPhos ® ) corresponds to an enzyme expressed by Aspergillus oryzae genetically modified with Citrobacter braakii genes (phytase with 9,875 FTU kg −1 analysed activity). The fungal phytase (NATUPHOS ® ) was produced by Aspergillus niger genetically modified with Aspergillus ficuum gene (phytase with 9,917 FTU kg −1 analysed activity). The Ca:aP ratios were adjusted according to the amount of limestone in the diets. Experimental diets (Table 1) were based on corn and soybean meal and fed in crumbled form. The positive control diet, without phytase, was formulated according to Rostagno et al. (2011) . The experimental diets containing phytase had 1.06 g kg −1 aP and variable Ca levels, according to treatments, and it was considered that the phytase would make the phytic P available to meet the requirements of aP recognised by Rostagno et al. (2011) , that was 0.342% in the analysed phase.
The broilers, allocated by pen, were weighed on the first and last experimental days (days 22 and 35, respectively) to determine the weight gain (WG). Feed intake (FI) was measured from 22 to 35 days old and was used to calculate the feed conversion ratio (FCR). Mortality was recorded daily, in the morning and afternoon, and when mortality occurred in a pen, the feed was weighted to correct FI and FC. At 35 days of age, two birds from each replication, representing the average weight of each pen, were sacrificed by cervical dislocation to collect the left tibia.
The left tibial bones were dissected, thoroughly cleaned manually by removing adhering muscles, together with connective tissues, and dried in a hot-air oven at 105 °C for 12 h. These tibiae were then degreased in a fat extractor with ethyl ether for approximately 12 h, air dried, and then dried in a hot-air oven (105 °C) to constant weight. The tibiae were weighed and placed in a muffled furnace at 600 °C for 6 h to determine the ash content. Produced ashes were used to determine the Ca and P content using, respectively, methods 935.13 and 965.17 of the AOAC (2005) .
The experimental data were subjected to one-way analysis of variance (ANOVA) using the R free software (R Development Core Team, 2012) . The average of the factorial treatments was compared with the positive control diet by ANOVA and, when significant, the treatments of the factorial were compared to the control diet using the Dunnet test at 5% probability (Dunnet, 1955 ). The supplemented phytase and different Ca:aP ratios were compared using the Student-Newman-Keuls test at 5% of probability (Newman, 1939) .
Results
The phytase activity analysed was at 9,875 FTU kg −1 for 6-phytase and 9,917 FTU kg −1 for 3-phytase. There were no interactions (P>0.3) between the supplemented phytase and the Ca:aP ratio in the diet, and there was no isolated effect of these factors on FI (P>0.4) or WG (P>0.6) ( Table 2) . Moreover, there were no significant differences between the means of the experimental diets of the factorial and the control diet (P>0.5 and P>0.9 for feed intake and weight gain, respectively).
There was no interaction (P>0.1) between phytase and Ca:aP ratio for the FCR (Table 2) , although there was isolated effect of the type of supplemented phytase (P = 0.026) and the Ca:aP ratio (P = 0.022). The best FCR was observed for the 7.5:1.0 Ca:aP ratio and a worse FCR was noted when fungal phytase was supplemented in an isolated manner.
However, the treatment means of the factorial phytase vs. Ca:aP ratio were not significantly different (P>0.2) from the positive control diet. Regardless of the dietary Ca:aP ratio, the isolated supplementation of bacterial phytase, or a combination of fungal and bacterial phytase (750 FTU kg −1 of each) resulted in the best FCR, and the 4.5:1.0 or 6.0:1.0 Ca:aP ratio, respectively, presented the worst FCR.
There was no interaction (P>0.15) between the supplemented phytase and dietary Ca:aP ratio or an isolated influence of the Ca:aP ratio on the tibia ash (P>0.75) or calcium concentration (P>0.4) in the tibia (Table 3) . However, there was a tendency (P = 0.05) to lower tibia ash when the diet was supplemented with fungal phytase alone. Moreover, compared with the control diet, when fungal phytase was supplemented in diets with Ca:aP ratios of 6.0:1.0 or 7.5:1.0, the tibia ash decreased (P = 0.010).
The Ca concentrations in the tibia were not influenced by the supplemented phytase (P>0.15) or by the dietary Ca:aP ratio (P>0.4). Therefore, the average Ca concentration in the tibia of birds fed diets with phytase was similar to those fed the control diet (P>0.3). There were interactions of the supplemented phytase with the Ca:aP ratio on the percentage of P in the tibia (P = 0.007). It was observed that the fungal phytase supplemented in a diet with the 4.5:1.0 Ca:aP ratio resulted in the highest tibia P concentration. The bacterial phytase supplemented in dietary 7.5:1.0 Ca:aP ratio reduced P in the tibia. In contrast, when the diet was formulated with the 6.0:1.0 Ca:aP ratio and supplemented with a bacterial phytase, a higher P percentage was observed in the tibia (Table 3) . Regardless of these results, P concentration in the tibia of broilers supplemented with phytase and different Ca:aP ratios was similar (P>0.45) to that of broilers that received the control diet.
Discussion
According to Rostagno et al. (2011) , the aP and Ca requirements for 22-35 day-old broilers are, respectively, 0.342 and 0.732%. In the present study, the supplementation of 1,500 FTU phytase kg −1 in diets with 4.5:1.0 to 7.5:1.0 Ca:aP ratios did not influence FI and WG, suggesting that the enzymes supplemented in isolated or combined manners assisted phytate hydrolysis and, as a consequence, released P and other nutrients, such as Ca, or the phytase supplementation may have improved Ca utilization due to decreased phytate-Ca complex formation in the poultry gastrointestinal tract. SEM -standard error of the mean. 1 Diet containing 7.5 g of calcium and 3.4 g of available phosphorus kg −1 of feed without supplemental phytase. Means within rows (a,b) and columns (A,B) with different letters are significantly different at the 5% level of probability.
Ash (%)
Calcium ( Table 3 -Bone ash, calcium, and phosphorus percentage in the tibia of broilers fed diets with different calcium:available phosphorus ratio (Ca:aP) supplemented with fungal and/or bacterial phytase from 22 to 35 days old SEM -standard error of the mean. 1 Diet containing 7.5 g of calcium and 3.4 g of available phosphorus kg −1 of feed without supplemental phytase. * Differs from the positive control diet, according to Dunnet test at 5% probability. Means within rows (a,b) and columns (A,B) with different letters are significantly different at the 5% level of probability.
Minerals play an important role in broiler nutrition, in terms that their deficiency or excess in the diet prevents poultry from expressing their full potential during the growth stage (Muniz et al., 2007) . When compared to the control diet, there was also no effect of the treatments on the performance of birds. Recently, Jiang et al. (2016) concluded that the level of aP for broilers fed a basal diet with maize and soybean meal in the period from 22 to 42 days of age should be 0.31%. According to Parmer et al. (1987) , P deficiency in poultry decreases both FI and circulating levels of growth hormones. Therefore, the lack of influence of the experimental treatments on FI and WG indicated that during the analysed growth period, there was no deficiency of P or other nutrients that was sufficient to impair performance, even in diets considered deficient in Ca and P, and, according to Gautier et al. (2018) , the phytase has the ability to release P and other nutrients as part of the phytate complex.
The results found in this study corroborated the findings of Naves et al. (2016) , who analysed the efficiency of six different microbial phytases in 35-42 day-old broilers fed diets containing 1500 FTU kg −1 and formulated with three different Ca:aP ratios (3.5:1.0, 5.0:1.0, and 6.5:1.0) and observed no interactions or isolated effects of the different Ca:aP ratios in the diet on FI and WG.
On the other hand, Gautier et al. (2018) , analysing three different mineral matrices (control diet with 1.0% Ca and 0.5% aP; mineral matrix 1 with 0.84% Ca and 0.35% aP; and mineral matrix 2 with 0.77% Ca and 0.29% aP) and 0 or 1500 FTU kg −1 phytase supplementation in broiler diets, observed that phytase increased WG, regardless of the mineral matrix applied. They also observed that FI was influenced by the mineral matrix, in which birds fed matrix 1 exhibited increased FI, while birds fed matrix 2 concomitantly exhibited a decrease in FI, relative to the control. However, they did not find significant effects of either mineral matrix or phytase addition on feed efficiency. Kim et al. (2017) observed that increasing Ca concentration in diets containing phytase decreased WG and FI. According to Bedford and Rousseau (2017) , calcium has recently been shown to reduce the efficacy of hydrolysis of the lower phytate esters (IP4, IP3, and IP2) to a greater degree than the extent to which it decreases IP6 hydrolysis. Thus, Ca concentrations in the diet should be monitored frequently if the maximum value of a phytase is to be realised.
The statistical difference found for the FCR shows that the use of bacterial phytase, regardless of the Ca:aP ratio, was more efficient than isolated supplementation with the fungal phytase in making nutrients available as phytate in the feed. Phytates influence the endogenous phytase secretion and activity ) and reduce the digestibility of amino acids and minerals (Cowieson et al., 2006a,b) . Moreover, according to Wodzinski and Ullah (1996) , fungal phytase cannot hydrolyse inositol monophosphate, while bacterial phytase completely hydrolyses phytic acid. The increase in the dietary Ca:aP ratio decreased the FCR, and the 7.5:1.0 Ca:aP ratio provided the best FCR, indicating that a feed containing 7.5 g Ca kg −1 provided the Ca requirements. However, as Ca levels decreased to amounts lower than 7.5 g kg −1 , this nutrient seemed to become deficient in the diet, negatively influencing FCR for broilers.
The addition of phytase to broiler diets increased tibia ash at a ratio proportional to that of P release, inferring that the level of tibia ash was a very sensitive indicator of the P status (Lalpanmawia et al., 2014) . This statement supported the results observed in the present study, as the supplementation of fungal phytase at the 6.0:1.0 and 7.5:1 Ca:aP ratios provided concomitantly lower bone ash contents, compared with the control diet, and lower P contents, compared with when the fungal phytase was supplemented at the 4.5:1 Ca:aP ratio. This may have occurred because the diets that have the 6.0:1 and 7.5:1 Ca:aP ratios probably presented an excess of Ca, which minimised the effectiveness of fungal phytase in releasing P. Qian et al. (1997) suggested that the extra Ca may directly suppress phytase activity by competing for the active sites of enzymes. Ravindran et al. (2008) reported that phytases were more efficient in low Ca diets and low Ca:P ratios. Amerah et al. (2014) , investigated the effect of four Ca:aP ratios (1.43, 2.14, 2.86, and 3.57) and two phytase levels (0 and 1,000 FTU kg −1 ) in broiler diets and observed that increasing the Ca:aP ratio reduced phytate degradation quadratically and P digestibility linearly. Li et al. (2017) reported the detrimental impact of Ca on IP6 disappearance in the ileum, in which 11% reduction in IP6 disappearance was observed when Ca increased from 0.7 to 1.0%. These observations may, in part, justify the results obtained in the current study. Tamin and Angel (2003) mentioned that this was probably due to excess Ca binding with the phytate or phytic acid molecule, forming compounds that were not easily degraded by phytases. Nelson and Kirby (1987) showed that increasing Ca levels in broiler diets from 1.2 to 5.2 g kg −1 decreased phytate hydrolysis from 55 to 6%, respectively. In addition, according to Rao and Rao (1983) , reducing Ca in the diet from 10.0 to 5.0 g kg −1 feed increased phytate hydrolysis in broilers by 15%. Gautier et al. (2017) conducted an experiment to determine the influence of dietary Ca concentrations and observed that increasing the dietary Ca concentration (0.4 to 1.6% of total Ca), while maintaining 0.3% aP, elicited linear reductions in overall growth performance and tibia ash.
Recently, Kim et al. (2017) evaluated dietary Ca concentrations from 6.0 to 10.0 g kg −1 in low aP diets containing phytase and observed that Ca and P concentrations in the tibia decreased if dietary Ca concentrations were less than 5.0 g kg −1 in diets supplemented with 1,000 phytase units kg −1 . These results were contrary to those of the present study, in which P concentration in the tibia increased when diets were formulated with lower Ca levels in diets formulated with 1,500 FTU kg −1 , but with 1.0 g aP kg −1 . It has been suggested that a diet with a molar ratio of Ca:phytic acid greater than 6:1 leads to formation of insoluble Ca-phytate complexes that are inaccessible to diet or intestinal phytases (Wise et al., 1983) .
According to Bedford et al. (2016) , an increase in dietary Ca may hamper the ability of phytase to act on dietary phytate and release the same amount of P that would be released from a diet with lower Ca levels. In addition, the referred authors mentioned that a higher P level in the diet resulted in less phytase activity on the substrate.
According to the results of P concentration in the tibia of birds, it may be inferred that the bacterial phytase was the most efficient in hydrolysing phytates. However, its use with the highest Ca:aP in the diet (7.5:1.0) led to the lowest P deposition in the tibia, reinforcing the theory that higher amounts of Ca in the feed can negatively impact the phytase catalytic efficacy. However, this effect was not observed on bone ash or Ca levels in the tibia using high Ca, and the results of these parameters were similar to the control diet, but the best FCR was observed at 7.5:1.0 Ca:aP ratio.
Phytases have been suggested to vary in their pH optima with hydrolysing phytate efficiency and speed depending on their source (Tran et al., 2011) . Selle et al. (2009) hypothesised that Ca-phytate complexes were mainly formed in the small intestine, and exogenous phytases of bacterial origin would be more active in more proximal segments of the gut where the pH was closer to the optimum pH of the phytase.
In study with broilers fed diets supplemented with different concentrations of bacterial phytase, Ca, and phytate P, Li et al. (2017) observed a substantial reduction in IP6 in both the crop proventriculus and gizzard, as a result of 500 and 1,000 FTU bacterial phytase/kg inclusion, regardless of diet Ca concentrations. Zeller et al. (2015) reported that the main IP in the gizzard from IP6 hydrolysis was IP4 for bacterial phytases (E. coli), whereas there was no apparent lower IP esters accumulation in the gizzard when fungal phytase (A. niger) was provided to broilers. In agreement with the findings of Zeller et al. (2015) , the bacterial phytase was more effective to hydrolyse P than fungal phytase in the current study. Amerah et al. (2014) suggested in their studies that bacterial phytases, which hydrolyse phytate at low pH in the proximal intestinal tract, may be less prone to inhibition by higher dietary Ca levels. This may explain why the tibia ash contents of the broilers that received supplementation with bacterial phytase at the 6.0:1.0 and 7.5:1 Ca:aP ratios did not differ from the those of the control group.
The fact that broilers fed diets supplemented with phytase in the different evaluated manners, except for diet containing fungal phytase and the 6.0:1.0 and 7.5:1.0 Ca:aP ratios, obtained bone ash level similar to that of the birds receiving the control diet, is probably related to the phytase efficacy, particularly increasing development, previously bound to the phytate molecule. It is worth noting that, in the present study, the birds were evaluated at 35 days of age, and the bioavailability not only of P but also of other minerals involved in bone at this evaluated stage (22 to 35 days old) may still be developing; therefore, a larger mineral supply may be needed.
For the 6.0:1.0 and 7.5:1.0 Ca:aP ratios, the fungal phytase was the least effective in hydrolysing phytates and making P more bioavailable, which negatively and directly impacted both the P content and bone mineralization in broilers. However, birds that received supplementation with fungal phytase and 6.0:1.0 and 7.5:1.0 Ca:aP ratios performed similarly to birds that received the recommended Ca:aP levels during this study.
This led to the inference that P levels lower than those recommended for broiler diets first impacted P levels in the tibia and, as a consequence, bone mineralization, but not broiler performance. Probably this effect was not observed for Ca at the different levels evaluated due the fact that phytase hydrolised the phytate P and, thus prevented, Ca from being complexed.
Phosphorus is quantifiably more important for bone mineralization than for soft tissue growth, because P is a major component of the skeleton of birds. Broilers may become more vulnerable to mineral imbalances as Ca and non-phytate phosphorus concentrations are reduced, because bone mineralization requirements are met before growth requirements when P nutrition is the focus (Gautier et al., 2018) .
Several authors have also reported that the P requirements to optimize performance were lower than that needed to maximise bone development (Libal et al., 1969; Koch et al. 1984; Gomes et al., 1993; Gautier et al., 2018) . Mello et al. (2012) came to the same conclusion while determining the aP dietary requirements of broilers during the growing stage (22 to 33 days old) fed the same Ca:aP ratio. According to that study, lower levels of aP improved WG and FC, but failed to improve bone parameters in poultry. Waldroup (1999) suggested that, in relative terms, P requirements follow the sequence bone calcification > body weight > feed efficiency > mortality. Naves et al. (2014) analysed the use of phytase-equivalent amounts as a basis to decrease the aP in broiler diets from eight to 21 days of age. They concluded that decreasing the amount of dietary aP from 3.9 to 2.5 g kg −1 and, at the same time, supplementing with 1,500 FTU kg −1 , maintained performance and bone ash levels similar to those of broilers fed diets containing 3.9 g kg −1 aP without phytase. Phytase proved to be efficient in releasing Ca. In addition, tibia Ca levels of birds subjected to different treatments performed in a very similar way (some diets had low Ca levels compared with recommendations in the literature) to birds receiving the control diet. Similarly, Augspurger and Baker (2004) studied broilers fed a corn-soybean-based diet deficient in Ca (4.8 g kg −1 ) and supplemented with bacterial (E. coli) phytase (500 FTU kg −1 ) and, based on tibial ash analysis, concluded that phytase released, on average, 0.90 g Ca kg −1 feed. However, Yan et al. (2006) studied the addition of 1,000 FTU kg −1 phytase in corn and soybean meal-based diets, including three Ca and eight non-phytic P levels, and concluded that phytase released minimal amounts of Ca in broilers.
Conclusions
The use of phytases (1,500 FTU kg −1 feed) in growing broilers, 22-35 days old, can improve the diets containing 4.5:1.0 and 6.0:1.0 Ca:aP ratios with only 1.0 g kg −1 aP, as well as 4.5:1.0 for the fungal phytase, without negatively affecting bird performance or bone mineralization. However, when enzymes are combined (750 FTU fungal phytase + 750 FTU bacterial phytase), the Ca:aP in the diet has no impact on the concentration of available phosphorus.
